Abstract We hereby report on the role of the surface morphology of various substrates in the enhancement of the superconducting critical temperature of MgB 2 . MgB 2 thin layers were grown by hybrid physical-chemical vapour deposition on silicon carbide SiC substrates/fibers and several other substrates, characterized by diverse surface morphologies. By investigating the structural, morphological and transport properties of MgB 2 thin layers, the presented data show that the superconducting critical temperature T c exceeds the bulk value only when the MgB 2 films are grown on atomically flat (0001) SiC single crystals and on MgB 2 bottom layers. These results further confirm the interpretation of the coalescence-driven tensile strain mechanism behind the enhancement of superconducting properties in MgB 2 thin films.
Introduction
Since its discovery, magnesium diboride MgB 2 thin films have attracted a considerable interest for their potential in emerging superconducting electronics [1] [2] [3] [4] . The relatively high critical temperature (i.e. T c *40 K) fully matches the requested operating temperatures of commercial electronic systems [1] [2] [3] [4] . However, the interest in magnesium diboride systems goes well beyond the mere use in application technology. MgB 2 is a unique superconductor having two conduction bands and two superconducting gaps [5] [6] [7] and it is characterized by a strong correlation among the superconducting properties with the structural features [8, 9] , thus well explaining the intense research activity in this subject [4, 10, 11] . For both fundamental studies and electronic applications, high-quality single-crystalline MgB 2 thin films are mandatory. With respect to this, the hybrid physical-chemical vapour deposition (HPCVD) technique, which combines physical vapour deposition with chemical vapour deposition, has been demonstrated to be the most effective one [12] . Pure single-phase in-plane textured MgB 2 thin films have been successfully grown by HPCVD, which still represents the state of the art for MgB 2 thin film deposition [4] . Besides the extremely high crystallographic quality of the obtained films, the most striking effect of HPCVD-grown MgB 2 thin films is the enhancement of the critical temperature T c with respect to the values found in bulk systems [13, 14] . Such an enhancement has been correlated to an in-plane tensile strain arising from the coalescence of growing MgB 2 island-type grains occurring only on a few specific substrates, such as silicon carbide (SiC) [15] .
We here report on the structural, morphological and transport properties of MgB 2 thin layers grown on SiC substrates, fibers and other substrates, characterized by diverse surface morphologies. More specifically, SiC single crystals with atomic surface flatness and with micrometre unpolished termination, as well as poly-crystalline fibers were used. The presented data show that T c exceeds the bulk value when MgB 2 films are grown on atomically flat (0001) SiC single crystals. Such an enhanced T c value also occurs whenever MgB 2 thin films are grown on template layers with a slightly higher surface roughness (about 25 Ä 40 Å ), as shown by the properties of a MgB 2 top layer grown on a MgB 2 bottom layer. However, in the case of the SiC micrometre rough terminated surface (i.e. unpolished single-crystal substrates and poly-crystalline fibers), T c substantially approaches the bulk value. All these results further confirm the correct interpretation of the coalescence-driven tensile strain mechanism behind the enhancement of superconducting properties in HPCVDgrown films on (0001) SiC substrates.
Experimental procedure
MgB 2 thin films and coated layers were grown by HPCVD, which has been described in detail elsewhere [12] . The multiple deposition procedure was obtained by running an additional deposition with identical growth parameters (e.g. temperature, diborane flux, duration, etc.) by loading ex-situ MgB 2 thin films within a few minutes after the first deposition. Growth rate of the HPCVD process was calibrated through the thickness measurement of an MgB 2 thin film which was partially covered by a shadow mask, using a Tencor Alpha-Step Profilometer. Surface morphology was investigated by a Supra 40 field-emission gun (FEG) scanning electron microscope (SEM) equipped with a Gemini column and a In-lens detector yielding increased signal-to-noise ratio, able to reveal root-mean-square surface roughness down to about 0.8 nm. Crystallographic properties of the grown MgB 2 thin films were investigated by X-ray diffraction (XRD) using Cu K a radiation in the Bragg-Brentano configuration.
In order to avoid any dependence of critical temperature by the film thickness [14] , it was kept fixed to 150 nm for all the investigated MgB 2 samples. Since MgB 2 easily degrades in water [16] , which may be inevitably encountered during photolithography, all transport properties reported here were measured on unpatterned films. Electrical transport measurements were carried out by a standard four-point-probe DC technique in the Van der Pauw configuration [17] . Since the main focus of the presented research is the variation of the superconducting critical temperature and being the room temperature resistivity values of MgB 2 thin films grown by HPCVD substantially constant [4, 18, 19] , for sake of simplicity, all the resistivity curves were normalized to the corresponding room temperature value.
MgB 2 properties on polished substrates
MgB 2 has a hexagonal lattice structure (P6/mmm symmetry space group), with in-plane and out-of-plane lattice parameters of 0.3085 and 0.3524 nm, respectively. MgB 2 was grown on hexagonal (0001) 4H-SiC substrates, with an in-plane lattice parameter of 0.3073 nm, so that a very close film-substrate lattice match is expected. MgB 2 thin films were also grown on Y 0.18 Zr 0.82 O 2 (YSZ) and LaAlO 3 (LAO) cubic substrates, where, however, the lattice matching is very poor (namely, YSZ and LAO substrates have a cell lattice constant of 0.516 and 0.379 nm, respectively). In order to minimize any possible differences in the film properties between samples that were subsequently grown, MgB 2 films were deposited onto the various substrates during a single deposition run. The temperature dependence of the transport properties for several representative MgB 2 samples grown on different substrates (namely, (100) LAO, (100) and (111) YSZ, and (0001) 4H-SiC) are reported in Fig. 1 .
As clearly shown, MgB 2 films grown on substrates with a poor in-plane lattice matching approach the bulk-like value of about 39 K [2, 18] . However, the superconducting transition for MgB 2 films grown on the 4H-SiC substrate is characterized by a sizeable increase of the critical temperature T c above 41 K [14] . Structural investigation of the MgB 2 films reveal a direct correlation between the out-ofplane parameters (as a consequence also the corresponding in-plane parameters) and the superconducting critical Even though MgB 2 films were grown on poorly matched substrates [18] , XRD spectra only show the [00l] peaks; thus indicating the preferential c-axis orientation of the film along the substrate [001] crystallographic direction. However, for MgB 2 films grown on LAO, the c-axis lattice parameter is found to be 0.3528 nm-slightly larger than the bulk-like value 0.3524 nm [2] but sizeable with respect to 0.3514 nm measured in MgB 2 thin films grown on 4H-SiC [13] , respectively (marked with bars in the inset of Fig.  2) . In more detail, with respect to the bulk system, the MgB 2 film grown on (100) LAO substrate experiences an in-plane compressive strain which results in an increase of the out-of-plane lattice parameter, while it turns to be tensile-like when grown on 4H-SiC [13] . Accordingly (see Fig. 1 ), for 150-nm-thick MgB 2 film grown on LAO, T c is about 38 K-smaller than that of the bulk value 39 K and the value of 41 K measured for thin films grown on 4H-SiC-therefore, strictly correlating the substrate induced in-plane strain with the superconducting critical temperature T c .
MgB 2 properties on unpolished SiC substrates and poly-crystalline fibers
The enhancement of the critical temperature of MgB 2 thin films grown on 4H-SiC substrates has been correlated to a tensile strain mechanism which softens the bond-stretching E 2g phonon mode [15] . Different from general tendency of the strain mechanism, which tends to relax with the increase of the film thickness, here it was actually found to increase [14] . Such an anomalous strain condition has been mainly correlated to the coalescence of initially nucleated discrete islands [14] . However, possible extrinsic effects (e.g. atomic interdiffusion from the substrate [20] and hydrogen inclusion during the specific HPCVD growth [21] ) might similarly affect the structural properties of MgB 2 thin films grown on 4H-SiC, therefore, rendering the grains-coalescence scenario invalid. In order to shed light on these matters, we decided to investigate the superconducting properties of some selected samples. For this purpose, MgB 2 thin films were grown on unpolished 4H-SiC substrates and on poly-crystalline SiC fibers as well. In the first case, the high surface roughness of the SiC substrate is expected to mostly prevent the coherent coalescence of 3-dimensional (3D) islands, therefore, affecting the zeroresistance value of T c . However, in the case of MgB 2 grown on SiC poly-crystalline fibers, even in the presence of a slight Si atomic interdiffusion, which is expected to decrease with the thickness of the layer, thus affecting the measured value of the critical temperature T c .
MgB 2 properties on unpolished substrates
In order to get a direct comparison between the physical properties of MgB 2 thin films grown on substrates with diverse surface roughness, a single deposition process was run on both polished and unpolished (0001) 4H-SiC single crystals, placed side-by-side. As expected, secondary electron FEG-SEM examination of the surface morphology of a polished SiC substrate shows a homogeneous microstructure with a roughness below the In-lens resolution (i.e. smaller than 0.8 nm). However, unpolished SiC substrate shows a very disordered surface morphology (Fig. 3) , with the presence of micrometre grains, crystal cracks (Fig. 3a) , as well as sub-micrometre flat surface regions (Fig. 3c, d ).
Electrical properties of MgB 2 150-nm-thick films grown on both polished and unpolished SiC substrates are reported in Fig. 4 . Compared to the film deposited directly on polished SiC substrate (black squares in Fig. 4) , the residual resistivity ratio RRR (defined as the ratio between the resistivity at room temperature over the residual value at low temperatures) of the film grown on an unpolished SiC substrate is lower (magenta circles in Fig. 4) ; thus indicating enhanced scattering from impurities and defects in the films [4] . Furthermore, in the case of the film grown on the polished substrate, the normal-to-superconductor transition is sharp with a zero-resistance temperature T c above 41 K. However, two transitions are clearly seen for the film grown on the highly disordered surface, at about 41 and 39 K, where a complete transition to zero resistance occurs. By considering the typical T c observed in MgB 2 grown on SiC [2] and that measured in thin films grown on 4H-SiC substrates [13] , respectively and its regular bulk-like value (41 and 39 K, respectively), we can assume that the transition at higher temperature is ascribed to MgB 2 domains grown on sub-micrometre flat surface regions of the substrate (Fig. 3c, d ), while the one at lower temperature is related to domains grown on the highly disordered rough surface of the SiC substrate. As a matter of fact, the coalescence mechanism for MgB 2 grains can still occur on the flat regions of the substrate, thus locally increasing the T c [15] . It is worth noticing that such a double transition does not depend on the specific contacts' configuration, ruling out possible artefacts due to inhomogeneities of the thin film properties [22] .
It is well known that the transport properties of superconducting materials can be affected by the presence of domains characterized by weak (or weaker) superconducting properties [23] [24] [25] , such as the MgB 2 domains grown on the rough regions of the SiC substrate. In order to estimate the percentage of rough/flat regions of unpolished SiC substrate, FEG-SEM image shown in Fig. 3 was further analyzed with image processing software. Due to lighter appearance of the edges and, therefore, rougher areas in the image, a desaturation and posterization of the image allowed for the representation of rough (flat) regions with white (black) areas. By analyzing the histogram of the created image, the percentage of rough (flat) areas was estimated to be about 26.5 % (74.5 %) of the total. Such estimation is in very good agreement with the residual resistivity jump of *50 % at the transition edge in Fig. 4 . Indeed, the 26.5 % of MgB 2 film grown on rough domain of the substrate is expected to exhibit a larger residual resistivity with respect to the 74.5 % grown on flat regions.
Further proof that the surface morphology of the template substrate is crucial in determining the grain coalescence-induced tensile strain is given by the transport properties of an MgB 2 layer grown on top of an earlier deposited MgB 2 layer on a polished SiC substrate. Indeed, a slightly higher surface roughness is expected in the case of the MgB 2 bottom layer (typically ranging from 25 to 40 Å [14] ) used as a template layer for the MgB 2 top layer. The resistivity curves for two representative 150-nm-(blue) and 300-nm-thick (red) MgB 2 films grown on polished SiC substrates are reported in Fig. 5 .
More precisely, the 300-nm-thick (red) MgB 2 film is obtained by two consecutive deposition runs by loading exsitu an MgB 2 film; thus resulting in a 150-nm-thick top layer grown on a 150-nm-thick bottom layer. The zeroresistance transition is above 41 K for the 150-nm-thick MgB 2 film grown on a polished SiC substrate, which is also the case for the MgB 2 layer grown on a MgB 2 layer. Furthermore, even though the room temperature resistance values are in relation to the film thickness (i.e. the room temperature resistivity does not change), the RRR does not increase; thus demonstrating the occurrence of additional defects and/or scattering mechanisms due to the ex-situ process. Interestingly, the RRR ratio (about 12.5) does not increase as expected for a MgB 2 film of 300-nm thickness obtained with a single process [14] . Such a feature indicates that an exposure of a few minutes to air/humidity is indeed sufficient to worsen the transport properties of the surface region of MgB 2 films, as demonstrated by the invariance of RRR value for multiple deposition processes with ex-situ loading. Nevertheless, T c slightly increases in the case of the MgB 2 top layer (about 41.5 K), therefore, displaying that the MgB 2 bottom layer morphology is characterized by a sufficiently low surface roughness to allow the development of the grain coalescence and subsequently the increase of the tensile strain mechanism for the MgB 2 top layer.
MgB 2 properties on poly-crystalline fibers
In order to verify the conclusion derived from the transport properties of thin films grown on unpolished SiC substrates, MgB 2 coating layers were finally deposited on SiC poly-crystalline fibers. Converse to the unpolished substrates, the SiC fibers are formed by sub-micrometre randomly oriented grains; therefore, ruling out the possibility of any flat surface regions, on which coalescence strain is expected to occur [26] . Indeed, the MgB 2 coating showed a granular structure with randomly oriented crystallite grains, very similar to those occurring in poly-crystalline MgB 2 films. As previously reported [26] , an MgB 2 layer uniformly coats the SiC fibers since the very first deposition run, most likely because of the high gas deposition pressure (100 Torr) and the diffusive nature of the HPCVD deposition process. As a matter of fact, the transport properties of a fiber coated with a 0.75-lm-thick layer show a fully zero-resistance transition at about 38 K (Fig. 6 ).
In analogy with the thin-film multiple deposition approach, we also investigated the possibility of a thickness dependence of the critical temperature T c . To obtain very thick MgB 2 fibers, four identical deposition runs were performed on the same coated fiber (Fig. 6) (namely, by loading ex-situ the same MgB 2 fiber for four consecutive deposition processes). Starting with a single deposition run, the critical temperature T c slightly increased from 38 up to 39.5 K, as measured on a 3-lm-thick MgB 2 conducting layer.
The normal state resistivity, as well as the RRR, does not significantly change as a function of the thickness. Indeed, the RRR value of about 2 measured in very thick MgB 2 coating layers (i.e. up to 3000 nm) is severely smaller than those measured in epitaxial MgB 2 films of similar thickness [14] . This confirms the granular nature of the coating layer and rules out any possible T c -enhancing strain effects. Interestingly, the transport properties of the normal state only slightly change from the very first deposition to the thicker coating layers. In particular, the increase of the resistivity in the 200 Ä 300 K temperature range, which is most likely due to some spurious semiconducting phase presumably at the grain boundaries (e.g. Mg 2 Si [26] , related to Si atomic interdiffusion), disappears as soon as a critical thickness is achieved. After that, no 
Conclusions
In conclusion, evidence for the fundamental role of the surface morphology of suitable substrates in the enhancement of the superconducting critical temperature of MgB 2 thin films has been given. Indeed, a clear enhancement of the superconducting critical temperature is obtained only on atomically flat SiC substrates-where 3D MgB 2 grains can coalesce-thus, giving rise to a net in-plane tensile strain condition. As a matter of fact, when MgB 2 thin films are grown on poly-crystalline SiC fibers and/or poorly matched substrates (e.g. LAO and YSZ), the superconducting transition occurs at about the same value as the bulk-like temperatures. More interestingly, in MgB 2 thin films grown on unpolished SiC substrates, where both conditions of flat and rough regions are simultaneously present, two clear superconducting transitions are visible. Such transitions occur at about 41 and 39 K, corresponding to the typical critical temperatures for thin films grown on flat SiC substrates and for bulk, respectively; therefore, further confirming the role of atomically flat substrate regions in determining the coherent coalescent phenomenon behind the enhancement of T c in MgB 2 thin films.
